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Abstract 

Silicon nanoparticles (Si NPs) with a diameter size ranging from 4 to 8 nm were successfully fabricated. They exhibit 
a visible photoluminescence (PL) due to the quantum confinement effect. Chemical functionalization of these Si 
NPs with alkyl groups allowed to homogeneously disperse them in nonpolar liquids (NPLs). In comparison to most 
of literature results for Si NPs, an important PL peak position variation with temperature (almost 1 meV/K) was 
obtained from 303 to 390 K. The influence of the liquid viscosity on the peak positions is also presented. These 
variations are discussed considering energy transfer between nanoparticles. The high PL thermal sensitivity of the 
alkyl-capped Si NPs paves the way for their future application as nanothermometers. 
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Background 

Silicon nanoparticles (Si NPs) or 'quantum dots' (QDs) 
are widely investigated by the scientific community be- 
cause of their interesting optical and electronic properties 
which differ from those of the bulk Si and, consequently, 
their potential use in several applications ranging from 
nanoelectronic to optoelectronic and photovoltaic devices 
or biological imaging [1-3]. At nanometer scale, Si NPs in 
colloidal form exhibit visible photoluminescence (PL) with 
a high quantum yield because of the confinement effect 
which partly overcomes the indirect band gap and which 
can be tuned by the NP size [4-6]. However, PL from oxi- 
dized Si QDs has low radiative rates and is not spectrally 
tunable [7]. H-terminated Si QDs have spectrally tunable 
PL but also low radiative rates and are chemically unstable 
and easily oxidable [7,8]. Dedicated surface engineering 
such as alkyl chains by organic capping involving a carbon 
surface termination has led recently to bright luminescent 
Si NPs [9-13]. These NPs have stable surface passivation 
due to the strong covalent Si-C bond preventing photo- 
oxidation and aggregation in solution [14]. This allows 



also versatile (bio)functionalization [15]. They are non- 
toxic [16] and show bright photo -stable blue-green PL 
with fast decay for 2- to 3-nm size [17,18]. 

In this study, our goal is to use Si NPs as nanotherm- 
ometers in nonpolar liquids (NPLs). The main applica- 
tion is temperature measurements (in the range of 0°C 
to 120°C) in lubricant for tribological studies of mechan- 
ical contacts. As dispersion in nonpolar liquids (alkane 
or alkenes for example) is required, we use alkyl surface 
termination. Nanothermometers based on II-VI semi- 
conductor QDs have been reported [19,20]. In spite of 
some disadvantages of the II-VI materials relative to Si 
such as toxicity, scarcity of material resource, and in- 
stability, only few published works report on the use of 
Si NPs as nanothermometers [21]. 

We show an important PL peak position variation with 
temperature for Si NP colloids (approximately 1 meV/K). 
The investigation of Si NP luminescence property vari- 
ation both with temperature and liquid medium viscosity 
gives an original demonstration of the exchange energy 
transfer (EET) importance in Si NP colloids. 
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Methods 

Electrochemical anodic etching of p-type 10-H cm (100)- 
oriented Si wafer has been used for the preparation of 
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nano-Si powder. Silicon substrate was etched in a solution 
containing 1:1 volume mixture of 48% hydrofluoric acid 
(HF) and anhydrous ethanol. The anodization was per- 
formed in a Teflon cell with a copper electrode as a back- 
side contact. The counter electrode was made of platinum. 
Anodic current density was 45 mA/cm 2 and etching time 
was 50 min. A permanent stirring of the etching solution 
was applied in order to evacuate hydrogen bubbles 
formed during the etching process. After the etching, a 
highly porous network constituted of numerous inter- 
connected nanocrystals was formed. The sample was 
washed with anhydrous ethanol several times, dried in 
ambient air, and then scratched out from the wafer. 

Thermal hydrosilylation approach was used for the 
grafting of octadecyl groups (-C 18 H 37 ) onto the surface of 
the Si NPs. As exposition of highly porous Si to ambient 
air results in its oxidation, the surface oxide was removed 
using a 5% solution of HF in EtOH just before the hydrosi- 
lylation. The residues of acid were washed out by anhyd- 
rous EtOH (under centrifugation). The oxide-free porous 
Si powder (covered by SiH x ) was transferred in a glass test 
tube with septum cup and dried under vacuum in order 
to remove excess EtOH. Then, 1.5 mL of neat 1- 
octadecene was added, and the reaction mixture was 
stirred under nitrogen atmosphere at 150°C for 16 h. At 
the end of this step, the surface of Si NPs is mainly cov- 
ered by alkyl chains due to the hydrosilylation reaction. 
To work up the reaction mixture, it was cooled to room 
temperature; the precipitate was settled by centrifugation 
(10 min at 1,000 xg) and washed three times with w-pent- 
ane. Then, the precipitate was sonicated for 30 min in n- 
pentane, and the supernatant of the centrifugation of the 
resulted slurry was taken. Drying of the supernatant in 
ambient air resulted in approximately 10 mg of waxy 
brown residue, which is easily redispersible in NPLs and 
which was used for further PL studies. 

Transmission electron microscopy (TEM) was used to 
characterize the morphology and the size distribution of 
the Si NPs. A droplet of the colloidal solution was de- 
posited on a Cu grid covered by an amorphous carbon 
film (ultrathin carbon <3 nm). After solvent evaporation, 
the observation was done using a Topcon EM-002B 
high-resolution transmission electron microscope oper- 
ating at 200 kV (Topcon Corporation, Tokyo, Japan). 

Particles size distribution of the final solution was also 
measured by dynamic light scattering (DLS) technique 
using a Zetasizer Nano Series instrument from Malvern 
Instruments Ltd. (Worcestershire, UK). 

Transmittance Fourier transform infrared (FTIR) spec- 
tra of Si NPs were recorded in between KBr pellets in 
the 400- to 4,000-cm" 1 spectral range at 300 K using a 
Bruker Vertex 80 spectrometer (Bruker Optik GmbH, 
Ettlingen, Germany) before and after the functionaliza- 
tion step. 



The PL steady state measurements of Si NPs were per- 
formed by means of a FLS920 Series fluorescence spec- 
trometer from Edinburgh Instruments (Livingston, UK). 
A 450-W Xe900 continuous xenon arc lamp with opti- 
mal spectral range extending from 250 to 1,000 nm was 
used as the excitation source. Excitation and emission 
beam lights are dispersed by a single-grating mono- 
chromator blazed at 500 nm. All spectra were corrected 
automatically by the transfer function of the instrument. 
The temperature was varied using a Peltier module be- 
tween 303 and 383 K. Hellma UV transparent quartz cu- 
vettes (Hellma GmbH & Co. KG, Mullheim, Germany) 
were used with typical liquid volumes of 1.5 mL. 

Results and discussion 

Figure 1A shows a TEM image of Si powder suspended in 
ethanol after two size selection steps: (i) ultrasonic bath at 
37 kHz for 10 min in order to separate aggregates and (ii) 
10 min of centrifugation at 1,500 x g. Monocrystalline Si 
NPs are observed with a lattice space of 0.31 nm corre- 
sponding to the Si (111) plane. Their diameter is mainly 
ranging from 4 to 8 nm with the presence of few smaller 
and larger NPs. This size distribution has been confirmed 
on functionalized Si NPs dispersed in squalane by DLS 
measurement (Figure IB). We observe an almost mono- 
disperse size distribution centered at 7 nm with a standard 
deviation of 2 nm. The efficiency of the functionalization 
step (Si-Ci 8 H 37 ) has been checked by FTIR analysis of Si 
NPs before and after reaction. As can be deduced from 
Figure 2, the surface of initial Si NPs is mainly covered by 
a native oxide layer giving a large characteristic Si0 2 band 
(Si-O-Si symmetric and asymmetric stretching mode) cen- 
tered at 1,100 cm -1 . Nevertheless, the presence of H at 
the surface is also clearly evidenced by SiH x waging and 
rolling modes around 650 cm" 1 , O y -SiH x waging around 
850 cm" 1 , SiH x stretching modes at 2,090 cm" 1 , and O y - 
SiH x stretching around 2,230 cm" 1 . After the functionali- 
zation, (i) the Si0 2 band is no longer detected which con- 
firms the success of the HF washing step to remove the 
oxide layer, and (ii) the different Si-H and O-Si-H related 
bands disappear. At the same time, characteristic bands of 
v as (CH 3 ) at 2,962 cm" 1 , v as (CH 2 ) at 2,925 cm" 1 , v s (CH 2 ) 
at 2,853 cm" 1 , and S (CH 2 ) at 1,467 cm -1 rise. These data 
prove the efficient replacement of the Si-H and Si-O 
bonds by the alkyl chains (C 18 H 37 ). After this essential 
step that leads to a good dispersion of the Si NPs in non- 
polar liquid, their luminescence properties were studied. 

Figure 3 shows temperature-dependent fluorescence 
spectra of Si NP colloidal suspension in squalane with a 
concentration C equal to 1 mg/mL. Excitation energy is 
fixed at the maximum of the excitation spectra (3.94 eV). 

The PL intensity of the Si NPs decreases in the chosen 
temperature range (from 303 to 383 K). In static condi- 
tions, this intensity variation can be used to design a 
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Figure 1 Transmission electron microscopy image and DLS measurement. (A) TEM image of Si powder initially suspended in ethanol and 
deposited on a graphite grid. (B) DLS of functionalized Si NPs dispersed in squalane. 



sensitive temperature sensor, but many other parameters 
can influence the PL intensity in dynamic conditions of 
a mechanical contact (concentration gradient in the lu- 
bricant, pressure variation, nanoparticle flows, etc.). As 
already published [19], a more intrinsic parameter re- 
lated to the PL intensity is the PL lifetime. Here we 
focus on the PL peak position. Clearly, in Figure 3, we 
can see that due to heating, PL spectra of Si NPs move 
towards smaller emission energy. Figure 4 describes this 
evolution of the temperature-dependent PL peak position 
of Si NPs in squalane and in octadecene. Both are com- 
pared to the band gap variation of the bulk Si in the same 
temperature range obtained from the Varshni model [22] . 
From our measurements, significant linear red shifts were 
extracted with a slope equal to -0.63 meV/K (0.28 nm/K) 
and -0.91 meV/K (0.39 nm/K) in octadecene and squa- 
lane, respectively. As evidenced from Figure 4, the 
temperature dependence of our NP fluorescence energy 
is much more important than the bulk material band 
gap variation (three times for Si NPs in octadecene and 
four times for NPs in squalane). Several experiments 



have reported on the temperature dependence of PL 
matrix-embedded (ME) Si NPs [23,24]. They concluded 
that the blueshift of the PL peak position with decreas- 
ing temperature behaves similarly to that of bulk sili- 
con, i.e., the PL blueshift decreases by about 50 meV 
when the temperature drops from 300 down to 3 K. 
Near 300 K, the variation is almost linear with a max- 
imal slope below 0.3 meV/K. As reported by Chao et al. 
[25], upon vacuum ultraviolet excitation of alkylated Si 
nanocrystallites, intense blue and orange emission 
bands were found simultaneously. Both peak positions 
are shifted to longer wavelengths as the temperature in- 
creases from 8 K to room temperature: the orange peak 
position shifts from 600 ± 2 to 630 ± 2 nm. They sug- 
gest that this results from the population of localized 
tail states formed by the disordered potential at the sur- 
face [26] due to the surface roughness and variations in 
surface stoichiometry. A recent study by Kusova et al. [27] 
on free-standing (FS) Si nanocrystals obtained from elec- 
trochemical anodization has shown a considerably higher 
blueshift of the emission: 200 meV from 300 down to 4 K 
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Figure 2 FTIR analysis of Si NPs before and after 
functionalization. Si-C 18 H 37 means Si NPs functionalized by the 
C 18 H 37 group (black curve), and Si-H means Si NPs without any 
chemical modification (red curve). 
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Figure 4 Temperature dependence and band gap variation. 

Temperature dependence of the PL peak position of Si NPs in 
squalane (blue curve) and in octadecene (red curve), and band gap 
variation of the bulk Si following the Varshni model (black curve) in 
the temperature range from 303 to 383 K. 



with a variation at 300 K of around -1 meV/K which is 
close to our results for Si NPs in NPLs. Kusova et al [27] 
explained the difference in the shift between FS and ME 
NPs by the presence of compressive strain in ME NPs 
which is absent in the case of FS NPs. This explanation is 
supported by the consideration of a strongly enhanced 
thermal expansion coefficient for Si NPs (9.10 6 K -1 in- 
stead of 2.10" 6 K" 1 for the bulk material). Nevertheless, in 
another recent work, size-purified plasma-synthesized Si 
NPs have been studied in the form of pure nanocrystal 
films and in the form of nanocomposite of Si NPs embed- 
ded in polydimethylsiloxane (PDMS) [28]. Strong com- 
pressive strain by an oxide matrix cannot be considered in 
this case. The quantitative deviation of the PL energy E 
with temperature (dE/dT) for both Si NP samples was 
found to be the same. A small deviation in comparison 
with the bulk material is shown in this work with a max- 
imal variation at 300 K of -0.4 meV/K for the smallest 
NPs (3.2-nm diameter) still far from the -0.9 meV/K ob- 
tained in the current work. Furthermore, this deviation is 
decreasing with the nanoparticle diameter. As our nano- 
particle has an average diameter of 7 nm, our results differ 
from those of the reference [28]. The main difference may 
lie in the fact that the size distribution is a little scattered 
which can be at the origin of the important red shift ob- 
served when increasing temperature. 

The Brownian motion of the NPs in the suspension in- 
creases with temperature; at the same time, their mobil- 
ity also increases as the viscosity of the NPL strongly 
decreases. This leads to an enhanced probability of en- 
ergy transfer between NPs in close vicinity. The Forster 
resonant energy transfer (FRET) of NPs with different 
sizes strongly depends on the distance D between two 
particles (approximately D~ 6 ) [29]. When the dynamic 
viscosity of the liquid decreases, it leads to high FRET 



probability for small NPs (approximately 4 nm in diam- 
eter) with larger band gaps toward big NPs (approximately 
9 nm in diameter) having smaller band gaps. Thus, the 
small NPs are optically inactive from the photo -stimulated 
emission point of view. Therefore, the probability of the 
radiative recombination of the photo-excited charge car- 
riers in the smaller NPs is considerably reduced. Conse- 
quently, large NPs become optically active and give their 
contribution in the PL spectrum, resulting in the observed 
red shift. This mechanism explains the high PL peak vari- 
ation found in squalane (-0.91 meV/K). Indeed, from 303 
to 383 K, the dynamic viscosity of squalane decreases by a 
7.5 factor, from 22.6 to 3 mPa.s. 

In order to assess this mechanism, we have measured 
the PL peak position as a function of liquid viscosity. 
Alkyl-capped Si NPs dispersed in five different liquids 
(decene, octadecene, SII_1 (mixture of octadecene and 
squalane with volume ratio of 0.45 and 0.55, respect- 
ively), SIII_1 (mixture of octadecene and squalane with 
volume ratio of 0.26 and 0.74, respectively), and squa- 
lane) with a concentration of 1 mg/mL were prepared. 
The dynamic viscosities of the liquids are respectively 
0.73, 4, 12.3, 17.5, and 31.2 mPa.s at 25°C. Figure 5 
shows the evolution of the PL peak position as a func- 
tion of the dynamic viscosity of the liquids at 300 K. We 
clearly observe an almost linear red shift of 60 meV from 
squalane to decene. 

Thus, a question arises: does the observed red shift of 
the PL peak position with temperature result from a vari- 
ation of viscosity or from the intrinsic properties of the Si 
NPs (thermal dilation, electron-phonon interaction)? 

To answer this question, we looked for a point of same 
viscosity for two different liquids: at 368 K, the dynamic 
viscosity of squalane (3.6 mPa.s) is equal to the dynamic 
viscosity of octadecene at 303 K. The PL peak position 
of Si NPs is equal to 1.702 eV in octadecene at 303 K 
and is equal to 1.68 eV in squalane at 368 K. Therefore, 
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viscosity for different liquids at 300 K. 
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there is a difference of 22 meV between the two PL peak 
positions which is very close to the shift given by the 
Varshni expression on bulk Si (17.5 meV) in the same 
temperature range (from 303 down to 368 K). Hence, 
when corrected from the viscosity effect, the red shift 
that we observed (around -0.3 meV/K) with temperature 
is close to the one reported by different groups. 

Conclusion 

Si NPs prepared by electrochemical etching of bulk Si have 
been functionalized with alkyl chains (octadecene) for dis- 
persion in NPLs like lubricants for mechanical bearings. 
Their potential application as fluorescent nanosensors for 
temperature measurement in lubricated contact with op- 
tical access has been evaluated. The important variation 
of the fluorescence emission energy with temperature 
(-0.9 meV/K) allows simple temperature measurement in 
squalane. Nevertheless, we have shown that this variation is 
mainly due to energy exchange between Si NPs promoted 
by viscosity reduction when the temperature is increased. 
For static condition in the fluid, this indirect temperature 
sensing via viscosity change is convenient, but in dynamic 
conditions of the mechanical contact, a more intrinsic 
measurement like PL lifetime [21] is needed. 
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